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Abstract
In these proceedings we provide a brief summary of the findings of a previous article where we have studied the photon-photon
scattering into longitudinal weak bosons within the context of the electroweak chiral Lagrangian with a light Higgs, a low-energy
effective field theory including a Higgs-like scalar singlet and where the electroweak would-be Goldstone bosons are non-linearly
realized. We consider the relevant Lagrangian up to next-to-leading order in the chiral counting, which is explained in some
detail here. We find that these amplitudes are ultraviolet finite and the relevant combinations of next-to-leading parameters (cγ
and a1 − a2 + a3) do not get renormalized. We propose the joined analysis of γγ–scattering and other photon related observables
(Γ(h → γγ), S –parameter and the γ∗ → W+L W−L and γ∗ → hγ electromagnetic form-factors) in order to separate and determine each
chiral parameter. Moreover, the correlations between observables provided by the NLO computations would lead to more stringent
bounds on the new physics that is parametrized by means of this effective Lagrangian. We also show an explicit computation of
the γγ–scattering up to next-to-leading order in the S O(5)/S O(4) minimally composite Higgs model.
Keywords:
Higgs Physics, Beyond Standard Model, Chiral Lagrangians
1. γγ–scattering as a probe into new physics
Two years ago the Large Hadron Collider (LHC) dis-
covered a new particle, most likely a scalar, with mass
mh ≈ 125 GeV [1] and couplings so far compatible
with what one would expect for the Standard Model
(SM) Higgs boson. We are therefore in a scenario with
small deviations from the SM and, apparently, a large
mass gap (as no new particle has shown up below the
TeV). Thus, the effective field theory (EFT) framework
seems to be the most convenient one to confront current
experimental data and to explore possible beyond
Standard Model (BSM) effects in the electroweak
(EW) sector.
In these proceedings we discuss some of the find-
ings in a previous work [2]. Therein we studied the
processes γγ → ZLZL and γγ → W+L W−L in the con-
text of a general EW low-energy effective field the-
ory (EFT), which we will denote as Electroweak Chi-
ral Lagrangian with a light Higgs (ECLh), with the EW
would-be Goldstone bosons (WBGBs) denoted here by
wa and non-linearly realized. In addition to be more
general, this non-linear representation seems to be more
appropriate in the case of strong interactions in the
EW sector, as it is the case in Quantum Chromody-
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namics [3, 4]. The three would-be Goldstone bosons
wa from the spontaneous EW symmetry breaking are
parametrized through a unitary matrix U that takes val-
ues in the S U(2)L × S U(2)R/S U(2)L+R coset. 1
The Higgs boson does not enter in the SM at tree-
level in these γγ → VLVL (V = Z,W) processes (where
in addition M(γγ → ZLZL)treeSM = 0 [6]). Nevertheless,
one can search for new physics by studying the one-loop
corrections [2], which are sensitive to deviations from
the SM in the Higgs boson couplings. Our analysis [2]
is performed in the Landau gauge and making use of the
Equivalence Theorem (Eq.Th.) [7],
M(γγ→ WaLWbL) ≃ −M(γγ → wawb) , (1)
valid in the energy regime m2W ,m2Z ≪ s. The EW gauge
boson masses mW,Z are then neglected in our computa-
tion. Furthermore, since experimentally mh ∼ mW,Z we
also neglect mh in our calculation. In summary, the ap-
plicability range in [2] is
m2h ∼ m2W , m2Z
Eq.Th.≪ s, t, u EFT≪ Λ2ECLh , (2)
with the upper limit given by the EFT cut-off ΛECLh,
expected to be of the order of 4πv ≃ 3 TeV or the mass
of possible heavy BSM particles, where v = 246 GeV
denotes the SM Higgs vacuum expectation value.
Although our derivation is general and does not as-
sume any particular underlying BSM theory, it is ob-
viously inspired by models where the Higgs is another
(pseudo) Nambu-Goldstone boson (NGB). Indeed, in
the final part of these proceedings we provide an ex-
plicit example for the S O(5)/S O(4) Minimally Com-
posite Higgs Model (MCHM) [8].
2. ECLh up to next-to-leading order
The WBGBs are described by a matrix field U that
takes values in the S U(2)L × S U(2)R/S U(2)L+R coset,
and transforms as U → LUR† [9, 10]. The basic build-
ing blocks employed to construct the relevant ECLh La-
grangian for our analysis are [2, 9, 10]
DµU = ∂µU + i ˆWµU − iU ˆBµ , Vµ = (DµU)U† ,
ˆWµν = ∂µ ˆWν − ∂ν ˆWµ + i[ ˆWµ, ˆWν], ˆBµν = ∂µ ˆBν − ∂ν ˆBµ,
ˆWµ = gWaµτa/2, ˆBµ = g′ Bµτ3/2 . (3)
1 Two parametrizations of the coset were considered in Ref. [2]:
exponential coordinates, U = exp{iτawa/v}; and spherical coordi-
nates, U =
√
1 − wawa/v2+iτawa/v. Both parametrizations are found
to produce the same prediction for the γγ → wawb amplitudes once
the external particles are set on-shell. Other representations of U were
recently studied in [5].
with well-defined transformation properties [2, 10]. The
Higgs field h is a singlet in the ECLh and enters in
the Lagrangian operators via polynomials or their par-
tial derivatives [11, 12]. These building blocks are em-
ployed to construct ECLh operators with CP, Lorentz
and S U(2)L × U(1)Y gauge invariance.
We consider the following scaling in powers of mo-
mentum p,
∂µ ,mW ,mZ , mh ∼ O(p) , g, g′, e ∼ O(p/v) , (4)
and the counting for the tensors above [2, 13, 14],
DµU, Vµ ∼ O(p), ˆWµν, ˆBµν ∼ O(p2) . (5)
Within the approximations of our analysis [2], the rel-
evant ECLh operators for γγ → wawb at leading order
(LO) –O(p2)– and next-to-leading order (NLO) in the
chiral counting –O(p4)– are [2, 10]
L2 = − 12g2 Tr(
ˆWµν ˆWµν) − 1
2g′2
Tr( ˆBµν ˆBµν)
+
v2
4
[
1 + 2a h
v
+ b h
2
v2
]
Tr(DµU†DµU) + 12∂
µh ∂µh + . . . ,
L4 = a1Tr(U ˆBµνU† ˆWµν) + ia2Tr(U ˆBµνU†[Vµ,Vν])
−ia3Tr( ˆWµν[Vµ,Vν]) −
cγ
2
h
v
e2AµνAµν + ... (6)
where one has the photon field strength Aµν = ∂µAν −
∂νAµ and the dots stand for operators not relevant within
our approximations for the γγ-scattering [2].
The classification of the chiral order in the previous
Lagrangian (6) provides a consistent perturbative ex-
pansion as we show now in more detail. First, we denote
as O(pd) any operator of the generic form
Ld =
∑
k
f (d)k pd
(
χ
v
)k
, (7)
with χ any bosonic field (h, wa, Waµ , Bµ), p refers to
derivatives ∂ or light masses mh,W,Z acting appropriately
on the fields, and f (d)k are the corresponding couplings
of the operator ( f (2)k ∼ v2, f (4)k ∼ ai, cγ...). Let us now
consider an arbitrary diagram with L loops, I internal
boson propagators and Nd vertices from Ld (with total
number of vertices V = ∑d Nd). Following Weinberg’s
dimensional arguments [3], it is not difficult to see that
in dimensional regularization this amplitude will scale
with p like [2, 3, 13]
M ∼
∫
(d4 p)L 1(p2)I
∏
d
(pd)Nd ∼ p4L−2I+
∑
d dNd
∼ p2+2L+
∑
d(d−2)Nd , (8)
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where we have used the topological identity I = L+V−1
in the last line. Finally, keeping track of the constant
factors with powers of (16π2)−1 (from loops) and v
(coming with every field χ in (7)), and the coupling con-
stants f (d)k (from every vertex Ld), it is not difficult to
complete the previous formula into [2]
M ∼
(
p2
vNE−2
) (
p2
16π2v2
)L ∏
d
 f
(d)
k p
d−2
v2

Nd
, (9)
with NE the number of external boson legs, which shows
up in the final expression after counting the total number
of fields from all the Ld vertices, and hence the total
number of powers of v−1: the diagram carries then the
factor (v−1)2I+NE = (v−1)NE−2+2L+∑d 2Nd , as shown above.
The various possible contributions to the amplitude
of a given process can be then sorted in the form
M = MO(p2)︸ ︷︷ ︸
LO
+ MO(p4)︸ ︷︷ ︸
NLO
+ ... (10)
Observing Eq. (9) one can see that higher orders in the
chiral expansion can be reached by either adding more
loops L to the diagram or vertices of “chiral dimension”
d ≥ 4. Notice that adding vertices from L2 does not
modify the scaling of the diagram with p, as far as the
number of loops L remains the same. At LO, one needs
to consider only the tree-level diagrams made out of L2
vertices (L = 0, N2 arbitrary, Nd≥4 = 0); at NLO, one
needs to compute the one-loop diagrams with L2 ver-
tices (L = 1, N2 arbitrary, Nd≥4 = 0) and tree-level dia-
grams with one vertex from L4 and any number of ver-
tices from L2 (L = 0, N2 arbitrary, N4 = 1, Nd≥6 = 0);
the procedure is analogous for higher chiral orders.
In our particular computation of M(γγ → wawb) up
to NLO, the contributions we find are sorted out in the
form [2]
M = O(e2)︸︷︷︸
LO, tree
+ O
(
e2
p2
16π2v2
)
︸           ︷︷           ︸
NLO, 1−loop
+ O
(
e2
ai p2
v2
)
︸       ︷︷       ︸
NLO, tree
, (11)
where e ∼ O(p/v) and ai stands for a general L4 cou-
pling. These three types of contributions can be better
understood through the detailed analysis of the exam-
ples in Fig. 1, three of the many diagrams entering in
γγ → w+w− up to NLO [2]:
• a) The tree-level amplitude in Fig. 1.a with vertices
from L2 scales like [2]
Ma ∼ (e p) 1
p2
(e p) ∼ e2 ,
with each γw+w− vertex scaling like e p and the
intermediate propagator like p−2.
w
w
w
a)
w
w
w
h
b)
w
w
w
w
h
c)
PSfrag replacements
γ
γγ
γ
γ
γ
Figure 1. Examples of contributing diagrams to γγ → w+w−.
a) LO diagram (L = 0 with only L2 vertices); b) NLO loop
diagram (L = 1 with only L2 vertices); c) NLO tree-level
diagram (L = 0 with one vertex from L4 and any number of
L2 vertices). The arrow in the charged w lines indicates the
electric charge flow. All the vertices are from L2 but for the
gray square in c), which comes from L4.
• b) The one-loop amplitude in Fig. 1.b with vertices
from L2 scales like [2]
Mb ∼
∫ d4 p
(2π)d (e p)
2
(
p2
v
)2 1
(p2)4 ∼ e
2 p
2
16π2v2
,
with each γw+w− vertex scaling like e p, each
hw+w− vertex like p2/v and each internal propa-
gator like p−2. This amplitude actually comes to-
gether with logarithms of the energy and ultraviolet
(UV) divergences.
• c) The tree-level amplitude in Fig. 1.c with one ver-
tex from L4 and vertices from L2 scales like [2]
Mc ∼
cγ e2 p2
v
 1
p2
(
p2
v
)
∼ e2 cγp
2
v2
,
with the γγh vertex from L4 scaling like 2
cγe
2 p2/v, the hw+w− vertex like p2/v and the inter-
mediate Higgs propagator like p−2. In general, the
cancelation of the UV divergences in the one-loop
NLO diagrams will require the renormalization of
the L4 couplings, e.g., crγ = cγ + δcγ, ari = ai + δai.
The M(γ(k1, ǫ1)γ(k2, ǫ2) → wa(p1)wb(p2)) ampli-
tudes, with wawb = zz,w+w−, have the Lorentz decom-
position [2, 15, 16]
M = ie2(ǫµ1 ǫν2T (1)µν )A(s, t, u)+ie2(ǫµ1 ǫν2T (2)µν )B(s, t, u), (12)
2 Notice the typo in the hγγ Feynman rule in App. A.2 in Ref. [2],
where a factor e2 is missing.
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written in terms of the two independent Lorentz struc-
tures T (1)µν ∼ O(p2) and T (2)µν ∼ O(p4) involving the exter-
nal momenta,
(ǫµ1 ǫν2T (1)µν ) =
s
2
(ǫ1ǫ2) − (ǫ1k2)(ǫ2k1), (13)
(ǫµ1 ǫν2T (2)µν ) = 2s(ǫ1∆)(ǫ2∆) − (t − u)2(ǫ1ǫ2)
−2(t − u)[(ǫ1∆)(ǫ2k1) − (ǫ1k2)(ǫ2∆)] ,
with ∆µ ≡ pµ1 − p
µ
2. The Mandelstam variables are de-
fined as s = (p1 + p2)2, t = (k1 − p1)2 and u = (k1 − p2)2
and the ǫi’s are the polarization vectors of the initial
photons. At LO and NLO we find for the neutral chan-
nel [2],
A(γγ → zz)LO = B(γγ→ zz)LO = B(γγ→ zz)NLO = 0 ,
A(γγ → zz)NLO =
2acrγ
v2
+
(a2 − 1)
4π2v2
, (14)
and for the charged one [2]
A(γγ → w+w−)LO = 2sB(γγ→ w+w−)LO = −1t −
1
u
,
A(γγ → w+w−)NLO=
2acrγ
v2
+
8(ar1 − ar2 + ar3)
v2
+
(a2 − 1)
8π2v2
,
B(γγ→ w+w−)NLO = 0 . (15)
The term with crγ comes from the Higgs tree-level ex-
change in the s–channel, the term proportional to (a2−1)
comes from the one-loop diagrams withL2 vertices, and
the Higgsless operators in (6) yield the tree-level contri-
bution to γγ → w+w− proportional to (a1 − a2 + a3).
Independent diagrams are in general UV divergent and
have complicated logarithmic and Lorentz structure. 3
However, in dimensional regularization, when all the
different contributions (10 and 39 loop diagrams for
the neutral and charged channels, respectively) are put
together the final one-loop amplitude turns out to be
UV finite and free of logs in the limits considered in
our analysis [2], both in γγ → zz and γγ → w+w−.
Therefore the combinations of NLO couplings cγ and
3 For instance, the diagram shown in Fig. 1.c corresponds to the
diagram 14 in App. B.2 in Ref. [2], given by the complicate structure
M14 = − ia
2e2
288π2 sv2
6(−s)(B0(s, 0, 0)((ǫ1∆) (ǫ2k1) − (ǫ1k2) (ǫ2∆)
+2 (ǫ1ǫ2) t + (ǫ1ǫ2) u) + B0(t, 0, 0)(((ǫ1∆) + (ǫ1k2))((ǫ2∆) − (ǫ2k1))
− (ǫ1ǫ2) t)) + (ǫ1∆) ((ǫ2∆) + 3 (ǫ2k1))(−s) + (ǫ1k2) ((ǫ2k1) (23t + 11u)
−3 (ǫ2∆) (−s)) + 2 (ǫ1ǫ2) (5t + 2u)(−s)
 ,
Relevant combinations
Observables of parameters
from L2 from L4
M(γγ → zz) a crγ
M(γγ → w+w−) a (ar1 − ar2 + ar3), crγ
Γ(h → γγ) a crγ
S –parameter a ar1
Fγ∗ww a (ar2 − ar3)
Fγ∗γh – crγ
Table 1. Set of observables studied in Ref. [2] and their corre-
sponding relevant combinations of chiral parameters.
ECLh ECL
(Higgsless)
Γa1−a2+a3 0 0
Γcγ 0 -
Γa1 − 16 (1 − a2) − 16
Γa2−a3 − 16 (1 − a2) − 16
Γa4
1
6 (1 − a2)2 16
Γa5
1
8 (b − a2)2 + 112 (1 − a2)2 112
Table 2. Running of the relevant ECLh parameters and their
combinations appearing in the six selected observables [2].
The third column provides the corresponding running for the
Higgsless EW Chiral Lagrangian [18]. The table has been
completed with the running of a4 and a5 from WW–scattering
analyses [17].
(a1 − a2 + a3) which enter here do not need to be renor-
malized: ar1 − ar2 + ar3 = a1 − a2 + a3 (like in the Hig-
gsless case [15, 16]) and crγ = cγ are renormalization
group invariant [2]. All the UV divergences and renor-
malizations occur at O(p4) and the L2 couplings (like a,
for instance) do not get renormalized within the approx-
imations considered in this work [2].
Our γγ–scattering amplitudes depend on three com-
binations of parameters (a, crγ and ar1 − ar2 + ar3). This
tells us that in order to extract each coupling separately
one needs to study other observables. However, other
related photon processes are ruled by the same param-
eters. In Ref. [2] we provide a list of four additional
observables, computed with the ECLh under the same
assumptions of this work and depending on different
combinations of a, crγ, ar1 and (ar2 − ar3): the h → γγ
partial width, the oblique S –parameter and the electro-
magnetic form-factors for γ∗ → w+w− and γ∗ → hγ. In
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table 1 one can see the combinations of couplings that
rule each quantity. This gives six observables and four
relevant combinations. Thus, the ECLh allows us to ex-
tract the couplings from four observables and make a
definite prediction for the other two. Notice that a global
fit with the non-linear EFT must incorporate both NLO
loops and NLO tree-level contributions (both are of the
same order in the chiral counting), otherwise one may
eventually run into inconsistent determinations.
These six observables provide in addition a consistent
set of renormalization conditions (a1 and a2−a3 do need
to be renormalized). The corresponding running for the
O(p4) couplings Cr = crγ, ari are summarized in Table 2,
where the constants ΓC therein are given by
dCr
d ln µ = −
ΓC
16π2
. (16)
For the sake of completeness, we have also included in
the last two lines of Table 2 the running of ar4 and a
r
5
determined in WW–scattering analyses [17].
A remarkable feature of the one-loop photon-photon
amplitudes is that individual diagrams carry the usual
chiral suppression O
(
p2/(16π2v2)
)
with respect to the
LO. However, the full one-loop amplitude shows a
stronger suppression O
(
(1 − a2)p2/(16π2v2)
)
, where
experimentally a is found to be close to 1 withinO(10%)
uncertainties [1].
We would like to finish this section with the pre-
liminary phenomenological analysis for γγ → W+L W−L
shown in Fig. 2. The fact that the Equivalence Theo-
rem works with an error lower that 2% in the SM for
Mγγ =
√
s > 0.5 TeV reassures us about the validity of
our analysis. The SM cross section behaves at high en-
ergies like 1/s for γγ → W+L W−L . On the other hand, the
O(p4) NLO terms in the amplitude (15) add a contribu-
tion to the cross section that grows with s and turns more
and more important at higher and higher energies. We
observe the impact of possible new physics by varying
the couplings within typical ranges for the chiral cou-
plings [4, 16]: ar1−ar2+ar3 = 2×10−3, 4×10−3, 6×10−3
(respectively from bottom to top in Fig. 2), and the
other couplings set to their SM values, a = 1 and
crγ = 0. The deviation from the SM is negligible at very
low energies. Nonetheless, it grows with Mγγ and for
a1 − a2 + a3 = 2 × 10−3 (4 × 10−3; 6 × 10−3) the cross
section exceeds the SM one by 20% for Mγγ > 2.6 TeV
(1.8 TeV; 1.5 TeV). The signal keeps turning more and
more intense beyond these values of Mγγ. A more de-
tailed study will be provided in a forthcoming work. In
order to study this subprocess in colliders (LHC or fu-
ture e+e− accelerators) we will have to convolute this γγ
cross sections with the corresponding photon luminosity
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Γ
Γ
®
w
+
w
-
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fbL
500 1000 1500 2000 2500 3000
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w
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Figure 2. . Cross section (top) for γγ → W+L W−L for unpolarized
photons. The ratio of the ECLh and SM cross sections is pro-
vided in the lower plot. The red-dashed line correspond to the
SM prediction and the solid blue ones our ECLh predictions
for a = cγ = 0 and (a1−a2+a3) = 2×10−3, 4×10−3, 6×10−3,
respectively from bottom to top in each plot.
functions. Although preliminary studies show that one
can get a measurable amount of events for integrated
luminosities of the order of 1 ab−1, the key-point will
be the discrimination and separation of SM background
through convenient cuts [19, 20, 21] and the minimiza-
tion of theoretical uncertainties. For instance, the non-
zero h, W and Z masses produce corrections suppressed
by mh,W,Z/Mγγ, which may turn important if one studies
this reaction below the TeV. This also means going be-
yond the Equivalence Theorem and computing the full
one-loop γγ → VLVL amplitude. It can be also interest-
ing to analyze within this framework the reverted sub-
process VV → γγ via vector boson fusion at LHC.
3. γγ–scattering in MCHM
In this section we show an explicit example of how
our EFT description describes the small momentum
regime of any underlying theory with the same symme-
tries and low-energy particle content.
In the context of the so called S O(5)/S O(4)
MCHM [8] it is assumed that some global symmetry
breaking takes place at some scale 4π f > 4πv so that
5
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Figure 3. MCHM one-loop diagrams for γγ → wawb at NLO.
the group G = S O(5) is spontaneously broken to the
subgroup H = S O(4). The corresponding NGBs live in
the coset G/H = S 4. These four NGBs ωα are then
identified with the Higgs-like boson h and the three
WBGBs needed for giving masses to the W± and Z
(w± = (ω1 ∓ iω2)/√2, z = ω3, h = ω4).
The low-energy dynamics of the MCHM NGBs and
the EW gauge bosons can be described through the
gauged non-linear sigma model (NLσM) [2, 8] (only
operators with photons and NGBs are shown here),
LMCHM2 =
1
2
DµΦ † DµΦ |S 4
=
1
2
gαβ(ω) ∂µωα ∂µωβ
+ i eAµ(ω−∂µω+ − ω+∂µω−) + e2A2ω+ω−.
with the G–fundamental representation vector Φ
parametrizing the NGBs in the way
Φ =

ω1
ω2
ω3
cω4 + sχ
−sω4 + cχ

, with χ =
 f 2 −
4∑
α=1
(ωα)2

1/2
, (17)
with s = sin θ, c = cos θ and θ being the vacuum mis-
alignment angle, with sin θ = v/ f [8]. The S 4 metric is
given by
gαβ = δαβ +
ωαωβ
f 2 −∑α(ωα)2 . (18)
The γγ–scattering was considered in the framework
of general S O(N + 1)/S O(N) gauged NLσM [22] for
low-energy QCD and the one-loop computation only in-
volves the bubble and triangle diagrams (Fig. 3). The
one-loop result at NLO is simply
A(γγ → zz)NLO−loop = A(γγ → hh)NLO−loop = − 1
4π2 f 2 ,
A(γγ → w+w−)NLO−loop = − 1
8π2 f 2 ,
(19)
and BNLO−loop = 0 in all cases. We find this in agreement
with our ECLh result in Eqs. (14) and (15) by means
of the relation (1 − a2) = v2/ f 2 between f , v and the
hW+W− coupling a in the S O(5)/S O(4) MCHM [8].
We want to remark that the LMCHM2 is often writ-
ten in exponential coordinates [8] rather than the S 4
parametrization used in this computation [2], leading to
a low-energy Lagrangian with exactly the same struc-
ture as L2 in Eq. (6) but with precise predictions for the
ECLh couplings. One can then use this Lagrangian in
terms of exponential coordinates and compute the γγ–
scattering in the way done in this work (in that same
parametrization), with all its complication and tricky
diagrammatic cancelations. The final outcome agrees
with (19), as expected. The lesson one draws is that,
even though all the coset parametrizations yield the
same outcome for a given on-shell amplitude, compu-
tations can be simpler for some choices of the NGB co-
ordinates (we already saw this in our ECLh calculation
in the previous section, where some vertices are absent
in spherical coordinates and one has fewer diagrams to
compute [2]). Likewise, in the exponential parametriza-
tion individual loop diagrams are suppressed with re-
spect to the LO by O
(
p2/(16π2v2)
)
and only after sum-
ming up all of them one finds that the full one-loop am-
plitude is actually suppressed by O
(
p2/(16π2 f 2)
)
. On
the other hand, in the S 4 coordinates each single dia-
gram shown in Fig. 3 already carries the final suppres-
sion p2/(16π2 f 2) with respect to the LO.
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